Abstract In neuroscience, there is a growing consensus that higher cognitive functions may be supported by distributed networks involving different cerebral regions, rather than by single brain areas. Communication within these networks is mediated by white matter tracts and is particularly prominent in the frontal lobes for the control and integration of information. However, the detailed mapping of frontal connections remains incomplete, albeit crucial to an increased understanding of these cognitive functions. Based on 47 high-resolution diffusion-weighted imaging datasets (age range 22-71 years), we built a statistical normative atlas of the frontal lobe connections in stereotaxic space, using state-of-the-art spherical deconvolution tractography. We dissected 55 tracts including U-shaped fibers. We further characterized these tracts by measuring their correlation with age and education level. We reported age-related differences in the microstructural organization of several, specific frontal fiber tracts, but found no correlation with education level. Future voxelbased analyses, such as voxel-based morphometry or tractbased spatial statistics studies, may benefit from our atlas by identifying the tracts and networks involved in frontal functions. Our atlas will also build the capacity of clinicians to further understand the mechanisms involved in brain recovery and plasticity, as well as assist clinicians in the diagnosis of disconnection or abnormality within specific tracts of individual patients with various brain diseases.
Introduction
The study of frontal lobe connections is essential to understand the role and the organization of the frontal lobes' distinct subregions. The functions of the frontal subregions emerge from an interaction with other cortical areas, on which it exerts its control, and from which it receives information to integrate. These interactions are supported by short-and long-range white matter connections. While most of the recent data and theories regarding the functional organization of the frontal lobes have been supported by functional imaging, its anatomical connectivity has yet only been scarcely investigated.
In 1985, a breakthrough came with the emergence of a new magnetic resonance imaging (MRI) modality: the diffusion-weighted MRI (Le Bihan and Breton 1985) . This non-invasive technique offers a unique approach to investigate in vivo the structure of brain tissues by measuring the diffusion of water molecules along different directions. This exciting technical advance not only reproduced reliably known anatomy in the living human brain (Catani et al. 2002; Catani and Thiebaut de Schotten 2008) , but also refined the description of large fiber bundles (Catani et al. 2005) . Moreover, it also gave rise to studies of intersubject variability (Ciccarelli et al. 2003; Thiebaut de Schotten et al. 2011; Verhoeven et al. 2010; Wakana et al. 2007) , asymmetries (Barrick et al. 2007; Catani et al. 2007 ), behavioral correlates (Barrick et al. 2007; Catani et al. 2007; Johansen-Berg et al. 2007 ; Thiebaut de Schotten et al. 2014a ) and pathological differences (Craig et al. 2009; Thiebaut de Schotten et al. 2014a) . While several fiber populations cross almost everywhere in the brain Jeurissen et al. 2013) , standard diffusion tensor tractography models follow the principal direction of fibers, leading to incomplete or erroneous reconstructions of white matter features (Thiebaut de Schotten et al. 2011 ) that may bias tract-specific measurements (Dell'Acqua and Catani 2012; Vos et al. 2012) . New developments in tractography and diffusion modeling can circumvent this issue by extracting the orientation distribution of different populations of fibers within the same voxel (Dell'acqua et al. 2010; Descoteaux et al. 2007; Tournier et al. 2004; Tuch et al. 2003; Wedeen et al. 2005) . These new methods allow the depiction of tracts that better correspond to postmortem dissections (Dauguet et al. 2006 (Dauguet et al. , 2007 Lawes et al. 2008; Thiebaut de Schotten et al. 2011) and simian axonal tracing ) with good reliability (Kristo et al. 2013b ). More recently, a novel nomenclature of the frontal lobe U-shaped connection was made possible through preliminary results that combined postmortem Klingler dissection (Klingler 1935 ) with high-resolution spherical deconvolution tractography . However, intersubject variability and aging effects could not be assessed due to the small sample size of participants studied. New tractspecific measurements taking into account the crossing of fibers also followed these advances in diffusion imaging tractography (e.g., apparent fiber density or hindrance modulated orientational anisotropy (HMOA) Raffelt et al. 2012; Dell'Acqua et al. 2013) . These new measurements are specific to the direction followed by the tractography, therefore providing a true tract-specific index to characterize white matter diffusion when crossing. These indices could offer a more precise characterization of the underlying microstructural organization and, consequently, be more sensitive to age-related differences of individual tracts when compared with traditional diffusion tensor imaging indices, such as fractional anisotropy (FA).
The study of the frontal connections is also of particular interest for the neurosciences of aging. With aging, neuronal loss and small vessel alteration lead to progressive and subtle white matter changes associated with cognitive decline in the elderly (Pantoni 2010; Xiong and Mok 2011) . Cognitive decline affects predominantly many executive functions but not all (Geerligs et al. 2014) , and brain changes seem to distribute unevenly, affecting predominantly the frontal region (Bishop et al. 2010; Curiati et al. 2009; Draganski et al. 2011; Giorgio et al. 2010; Good et al. 2001; Moscovitch 1992; Raz et al. 2000 Raz et al. , 2004 West 1996) suggesting that the latest developed brain areas are especially susceptible to show an accelerated aging (Tamnes et al. 2010) . Previous cross-sectional studies using tract-specific measurements confirmed this ''frontal lobe hypothesis'' for the white matter by revealing a slow decrease with aging in the FA for frontal callosal tracts (Hsu et al. 2008; Hasan et al. 2009b; Lebel et al. 2010; Bastin et al. 2008; Michielse et al. 2010 ) and for long tracts connecting the frontal lobe (Jones et al. 2006; Hasan et al. 2010 Hasan et al. , 2009a , affecting more prominently the frontal portion of these tracts (Davis et al. 2009 ). The same result was corroborated with voxel-based statistics showing a negative correlation between aging and FA in specific, but not all areas of the frontal lobes (Giorgio et al. 2010; Madden et al. 2004 Madden et al. , 2007 O'Sullivan et al. 2001; Phillips et al. 2013; Raz 2005; Salat et al. 1999) . Nevertheless, it is important to note that the ''frontal lobe hypothesis'' has also been contested by a 2-year longitudinal study showing no evidence of an accelerated decline in the frontal lobe region in the aging population . Hence, aging may affect some, but not all, tracts of frontal white matter. This explains the contrasted results reported in the literature. Further, age-related differences are not taken into account in atlases built from populations with a restricted age range; this bias may hamper the use of these atlases in various clinical populations. One way to circumvent this issue is to build a normative global atlas based on a healthy population with a large age range. The effects of age may also differ according to some factors, such as compensatory networks (Stern et al. 2005 (Stern et al. , 2008 or increased functional connectivity in existing networks (Bastin et al. 2012) , providing a partial protection called ''cognitive reserve'' (Stern 2002 (Stern , 2009 ). Higher education seems to also be an important factor delaying aging affects on the brain and cognitive decline (Brayne et al. 2010; Coffey et al. 1999) , and preliminary evidences suggest structural connectivity changes associated with cognitive reserve in the elderly (Fischer et al. 2014 ). However it is unknown whether specific tracts support these changes. Therefore, the aim of our study was to map, in a sample of healthy participants, all the association, projection and short U-shaped tracts previously described in the frontal lobe. We also estimated the effect of age and level of education on these tracts using measures of the volume, FA and HMOA. The final atlas of the human frontal lobe can be used for future clinical-neuroanatomical correlation in patients of various age ranges and levels of education.
Materials and methods

Participants
This study was approved by the local ethics committee. Participants were recruited via advertising in the Salpêtri-ere Hospital and on the web site www.risc.cnrs.fr. All participants were right-handed healthy adults with no history of neurological or psychiatric disorder, no cognitive complaints, and no cognitive impairments or depression, as assessed using translated versions of the Mini Mental State (Folstein et al. 1975 ) and the MADRS (Montgomery and Asberg 1979) . Participants were not included if their MMSE score was lower than 27 and if they had a history of neurological or psychiatric symptoms.
All subjects had an MRI scan including 3D T1-weighted images in addition to diffusion images (acquisition, preprocessing, rules for dissections as well as the approach employed to map white matter tracts are reported in supplementary material). All brain images were examined by a neuroradiologist. Millimetric T1-weighted and diffusionweighted images did not show any significant signal abnormalities evocative of a small vessel disease or of an evolving neurological disease. Subjects with abnormalities on MRI were excluded.
Informed and written consent to participate in this study was provided by 57 right-handed volunteers. Participants were excluded from the analysis for medical reasons (anomalies on neuropsychological testing or on the brain MRI) or for head movements during the MRI acquisition. The average age of the 47 remaining participants (24 males and 23 females) was 45.45 years (±14.79 years; aged between 22 and 71 years) and their education level was 15.36 years of education (±3.00 years; range between 10 and 26 years), noting that a French bachelor's degree corresponds to 12 years of education. Subjects from our sample had relatively high education levels, independently of their gender (t (45 ) = 1.203; p = 0.235) but with a trend of correlation with age, with younger participants having a slightly but not significantly higher educational level than older participants (r = -0.259; p = 0.079). Therefore, partial correlation statistics were carried out for controlling for age or education when appropriate.
Statistical analysis
To test whether white matter differences distribute unevenly, affecting predominantly the frontal region, we used SPSS software (SPSS, Inc., Chicago, IL, United States of America) to carry on a repeated ANOVA between tracts emerging from the frontal lobe and tracts not involving the frontal lobe using age and education as covariates.
For each of the following statistics, we employed a false discovery rate (FDR) correction (Benjamini and Hochberg 1995) for multiple comparisons; this is available as a tool on the Signed Differential Mapping website (http://www. sdmproject.com/).
Gaussian distribution of the data using the Shapiro-Wilk test (Shapiro and Wilk 1965) was not confirmed for all variables in our group of participants. Therefore, two-tailed partial Spearman rank correlation coefficients (Spearman 1904) were performed between the measurements of each dissected single tract and age, controlling for the education level of the participants. Similarly, partial Spearman ranking correlation coefficients were performed between the measurements of each dissected single tract and the education level controlling for age (FDR corrected for 55 tracts).
Results
We successfully identified and mapped, in the MNI reference space, 55 frontal tracts: 16 interlobar association tracts, 1 commissural tract, 8 frontal projection tracts and 30 frontal short U-shaped tracts for both hemispheres ( Frontal interlobar association tracts
Superior longitudinal fasciculus (SLF)
We reconstructed a system, composed of three parallel longitudinal branches passing through the dorsolateral portion of the white matter, situated above the ventricles and the lateral sulcus, and connecting the parietal and the frontal lobes. The superior branch (SLF I; no. 1 in Fig. 1 and Fig. 2 ) runs from the superior parietal lobule and the precuneus (Brodmann area, BA7 and BA5) to the superior frontal gyrus (BA6, BA8, BA9 up to BA10). More ventrally, the middle branch (SLF II; no. 2 in Fig. 1 and Fig. 2 ) connects the angular gyrus (BA39) to the posterior regions of the middle frontal gyrus (BA6). Few projections continue further into the middle frontal gyrus up to BA46. The inferior branch (SLF III; no. 3 in Fig. 1 and Fig. 2 ) originates in the supramarginal gyrus (BA40) and terminates in the pars opercularis (BA44), triangularis (BA45) and the inferior frontal gyrus (BA47).
Cingulum (no. 4 in Fig. 1 and Fig. 2 )
We identified a long medial fiber bundle running within the cingulate gyrus, all around the corpus callosum that contains fibers of different lengths. The longest fibers run from the parahippocampal gyrus and the uncus (BA34) to the medial portion of the orbitofrontal (BA11) cortex. The cingulum also contains short U-shaped fibers that connect the medial frontal (BA32, BA8, BA9, BA10) and parietal (BA31, BA5, BA7) to different portions of the cingulate gyrus. Uncinate (no. 5 in Fig. 1 and Fig. 2) The fibers of the uncinate originate from the temporal pole (BA38), parahippocampal gyrus, uncus (BA34) and amygdala. After a U-turn, they enter the external capsule, then reach the lateral and ventral orbital cortex (BA11, BA12) and frontal pole (BA10).
Arcuate fasciculus
The fronto-temporal portion of the arcuate fasciculus connects the pars opercularis (i.e., Broca area, BA44) to the auditory cortex (BA22) and the posterior portion of the middle and inferior temporal gyri (BA21, BA37). It forms the long segment (LS; no. 6 in Fig. 1 and Fig. 2 ) of the arcuate fasciculus, arching around the Sylvian fissure. Shorter frontoparietal fibers link the ventral portion of the precentral gyrus (BA6) to the postcentral gyrus (BA1) and the supramarginal gyrus (BA40). These fibers form the anterior segment (AS; no. 7 in Fig. 1 and Fig. 2 ) of the arcuate fasciculus.
Inferior fronto-occipital fasciculus (IFOF, no. 8 in Fig. 1 and Fig. 2)
The inferior fronto-occipital fasciculus is a long-ranged bow tie-shaped tract connecting the occipital lobe to the frontal lobe. It originates from the occipital pole (BA18), the lingual gyrus and the inferior and middle occipital gyri (BA19). As it leaves the occipital lobe, IFOF narrows and its fibers gather at the level of the extreme capsule. As it enters the frontal lobe, its fibers spread to the inferior frontal gyrus. Its ventral fibers reach the orbital gyrus (BA11) and the frontal pole (BA10), whereas its dorsal fibers terminate in the anterior superior frontal gyrus (most anterior part of BA9 and dorsal BA10).
Frontal commissural and projection tracts
Commissural and projection tracts are difficult to follow with tractography as they intertwine with one another and cross-association fibers. Despite spherical deconvolution being designed to circumvent this fiber-crossing issue, their complex configuration may occasionally lead to an underestimation of their true extent. Note that the validity and limitations of these results will be highlighted in the discussion.
Frontal corpus callosum (no. 9 in Fig. 1 and Fig. 3 )
The frontal portion of the corpus callosum occupies the rostrum, the genu and most of the body of the corpus callosum and projects on to the whole surface of the frontal lobe except for the pars orbitalis (BA 47). These projections also show a reduced probability for the pars opercularis (BA 44) and the frontal eye field (BA 6).
Corticospinal tract (CST, no. 10 in Fig. 1 and Fig. 3 )
The corticospinal tract consists of a fan-shaped set of fibers, passing through the posterior limb of the internal capsule and projecting from the precentral gyrus (BA4) to the spinal cord. We note that in a third of participants we obtained CST projection onto the whole homunculus in the precentral gyrus; for the remainder of the participants tractography confined its projections to the hand and the lower limb regions.
Fronto-thalamic (anterior thalamic radiations) and frontostriatal projections (no. 11 and 12 in Fig. 1 and Fig. 3) Fronto-thalamic and fronto-striatal projections pass through the anterior limb of the internal capsule and project on the whole surface of the frontal lobe. These projections also show a reduced probability for the ventral portion of the precentral gyrus and the middle frontal gyrus (BA 6 and 46).
Fronto-pontine projections (no. 13 in Fig. 1 and Fig. 3 )
Fronto-pontine fibers pass through the genu and the anterior limb of the internal capsule and project on to the whole surface of the frontal lobe. As for the fronto-thalamic and fronto-striatal projections, we note a reduced probability of the fronto-pontine projection in the precentral gyrus and the middle frontal gyrus (BA 6 and 46).
Frontal U-shaped tracts
Fronto-parietal U tracts
We mapped a set of five tracts running beneath the central sulcus from the parietal postcentral gyrus (BA1) to the frontal precentral gyrus (BA4), which are organized from the dorsal to ventral as follows: paracentral U-shaped tract (no. 14 in Fig. 1 and Fig. 4 ), ventral face U-shaped tract (no. 18 in Fig. 1 and Fig. 4 ) and hand superior, middle and inferior U-shaped tracts (no. 15-17 in Fig. 1 and Fig. 4 ). Fig. 1 and Fig. 4) The frontal aslant tract is a large tilted tract linking the supplementary and pre-supplementary motor area (BA6) with the frontal operculum (BA44) and the posterior portion of the pars triangularis (BA45).
Frontal aslant tract (FAT) (no. 19 in
Fronto-insular tracts (FITs) (no. 20-24 in Fig. 1 and Fig. 4) A system composed of five U-shaped tracts dives from the frontal lobe into the external capsule to reach the insula. The four most anterior tracts, 1-4, link respectively the pars orbitalis or BA47 (FIT 1; no. 20 in Fig. 1 and Fig. 4 ), the pars triangularis or BA45 (FIT 2; no. 21 in Fig. 1 and Fig. 4 ), the pars opercularis or BA44 (FIT 3; no. 22 in Fig.  1 and Fig. 4 ) and the precentral gyrus or BA6 (FIT 4; no. 23 in Fig. 1 and Fig. 4 ) of the frontal lobe with the anterior insula (i.e., anterior short gyrus and middle short gyrus; see Cerliani et al. (2012) for a detailed description of the anatomy of the insula). The most posterior tract (FIT 5; no. 24 in Fig. 1 and Fig. 4 ) connects the subcentral gyrus (BA43) to the posterior insula (i.e., anterior long gyrus).
Frontal longitudinal system
Two parallel chains of U-shaped tracts run longitudinally in the frontal lobe: the frontal superior longitudinal tract (FSL; no. 25 in Fig. 1 and Fig. 4 ) and frontal inferior longitudinal tract (FIL; no. 26 in Fig. 1 and Fig. 4) . The longest fibers of the frontal superior longitudinal tract connect the precentral gyrus to the anterior portion of the superior frontal gyrus, while its shortest fibers link the middle frontal gyrus with the superior frontal gyrus through a series of chain-like U-shaped fibers.
The longest fibers of frontal inferior longitudinal tract connect the precentral gyrus to the anterior portion of the middle frontal gyrus, while its shortest fibers link the dorsal portion of the pars opercularis and triangularis with the middle frontal gyrus through a series of chain-like U-shaped fibers.
Fronto-orbito-polar and fronto-marginal tracts
Two intralobar tracts can be observed within the frontal pole. The fronto-orbito-polar tract (FOP; no. 27 in Fig. 1 and Fig. 4 ) connects the posterior orbital gyrus (BA12) to the anterior orbital gyrus (BA11) and the ventro-medial region of the frontal pole.
The fronto-marginal tract (FMT; no. 28 in Fig. 1 and Fig. 4 ) runs beneath the fronto-marginal sulcus from the medial to the lateral region of the frontal pole (BA10).
Age and level of education effect
Repeated ANOVA between measurement of streamlines emerging from the frontal lobe and streamlines not involving the frontal lobe using age and education as covariates revealed a significant interaction between HMOA measures of frontal and non-frontal tracts and the age of the participants (F (1,44 ) = 6.968; p \ 0.011). This result demonstrates that microstructural differences related to age are stronger for the tracts emerging from the frontal lobe compared to other tracts. This effect was not significant for FA measure or relative volume measures.
Results presented in the following section are false discovery rate (FDR) corrected for multiple comparisons. (Figs. 5, 6 ).
Tract-specific volume, FA and HMOA correlations with education level did not survive FDR correction for multiple comparisons.
Discussion
In this study we employed advanced spherical deconvolution tractography to dissect 55 white matter pathways within the frontal lobes. We produced a probabilistic atlas of the interlobar, commissural, projection and short U-shaped tracts in a population with a large age range. All tracts showed a high intersubject spatial reproducibility (freely available, please send a request to michel.thiebaut@gmail.com). We also replicated correlations between age and microstructural measures of the corpus callosum, bilateral corticospinal tract and frontothalamic projections. For the first time, the use of spherical deconvolution combined with the use of tract-specific HMOA allowed us to report correlations between age and the frontal inferior longitudinal fasciculus, the fronto-insular tract 5 and orbito-polar tract in the left hemisphere and the SLF I and III in the right hemisphere. Education did not correlate with any of the tract-specific measurements. While our maps can be of interest for clinicalneuroanatomical correlations and functional imaging studies, the correlation with age provides a normative measure for future studies on diseases affecting various age ranges.
Probabilistic atlas of the interlobar, commissural, projection and short U-shaped tracts Our frontal lobe atlas is a probabilistic replication in the stereotaxic space (MNI152) of the original anatomical postmortem and tractography dissection performed on a single brain and reported by Catani et al. (2012) . Compared to previous work (Mori et al. 2008; O'Donnell and Westin 2007; Lawes et al. 2008; Thiebaut de Schotten et al. 2011) , this atlas provides probabilistic maps of the three branches d left frontal orbito-polar tract; e left frontal inferior longitudinal fasciculus. *p \ 0.05, **p \ 0.01, ***p \ 0.001 false discovery rate corrected for multiple comparisons. For each tract a single participant 3D reconstruction is supplied as a representative example of the individual anatomy of the superior longitudinal fasciculus and many intralobar and U-shaped connections, as well as a full reconstruction of most of the crossing fibers. These maps can be of interest to identify tracts connecting functional activations (Thiebaut de Schotten et al. 2014a) or disconnections caused by strokes (Thiebaut de Schotten et al. 2014b ). It may also provide a basis for future studies, which aim to clarify the very debated anatomo-functional organization of the prefrontal cortex for executive functions and cognitive control.
Classically, patient studies demonstrate that the prefrontal cortex is critical to executive functions and adaptive goal-directed behaviors (Azuar et al. 2014; Burgess et al. 2009; Stuss and Knight 2013; Volle et al. 2008) . Influent cognitive models such as the working memory model postulate a specialization of retro-rolandic and of prefrontal regions along the superior-inferior axis. In the posterior prefrontal regions, dissociation between the processing of spatial (in the superior part) and verbal (in the inferior part) information has been reported in both functional MRI (Curtis and D'Esposito 2003; Sakai and Passingham 2003; Sala et al. 2003; Smith and Jonides 1999) and lesion studies (Volle et al. 2008 . The superior and inferior longitudinal U-shaped tracts evidenced in the current study may support this spatial and verbal specialization, respectively, within the frontal lobe. Posteriorly, separate parietal and temporal inputs to these systems via the superior longitudinal and the arcuate fasciculi may also support this functional segregation. The examination of direct relationship between anatomical tracts and functional dissociations would be of high interest for future studies to disambiguate the organization of prefrontal cortex.
The longitudinal U-shaped tracts are also interesting to consider regarding the proposed postero-anterior serial organization of frontal functions. A U-shaped organization of connections is concordant with caudal-rostral models (Badre and D'Esposito 2007; Badre 2008; Christoff et al. 2009 ) of lateral prefrontal organization, such as the cascade model of cognitive control (Koechlin and Summerfield 2007; Koechlin et al. 1999 Koechlin et al. , 2003 . In these models, more posterior regions correspond to a lower-level module and receive signals from a higher-level module supported by more anterior regions. The processing level of these modules may depend on the level of cognitive control, relational complexity or abstraction of representations. The most anterior region, or rostral prefrontal cortex, is thought to support the highest-level modules and has indeed been consistently shown to be involved in the highest level of cognitive abilities, such as relational reasoning Vartanian 2012; Volle et al. 2010) , combination of remote information (Gonen-Yaacovi et al. 2013) , coordinating goals and subgoals (Koechlin et al. 1999; Kroger et al. 2002) and multitasking (Burgess et al. 2009; Volle et al. 2011) . The U-shaped tracts composing the frontal longitudinal system may constitute the anatomical link between successive modules. This hypothesis may be tested in future studies.
It is also interesting to note that the projection areas of different tracts are not randomly distributed in the frontal lobes, but seem to overlap in preferred locations, such as the inferior frontal junction, the posterior part of the superior frontal sulcus, the inferior frontal gyrus and the rostral prefrontal region. These cortical regions have been well observed in a myriad of functional imaging studies, using various cognitive tasks. They may well be functional hubs, in addition to anatomical hubs.
White matter correlations with age and education
We report that age-related white matter differences distribute unevenly, inducing subtle differences in several tracts of the frontal region but not all. Our analysis confirms previous evidence of reduced microstructural organization in the frontal portion of the corpus callosum associated with aging (Lebel and Beaulieu 2011; Lebel et al. 2008 Lebel et al. , 2010 . This commissural decline may explain why increased reaction time is associated with aging, as reported during tasks requiring interhemispheric transfer (Gootjes et al. 2004; Reuter-Lorenz and Stanczak 2000) that may sometimes be compensated by alternative use of a different portion of the corpus callosum (Schulte et al. 2013) . Similarly, our analysis confirmed the decreased agerelated microstructural measurements of the left and right corticospinal tract recently associated with age-related differences in fine motor control (Holtrop et al. 2014) .
Age-related differences reported in the anterior thalamic radiations bilaterally are concordant with the age-related significant decrease of the neuron number in the anterior thalamic nuclei (Panadero and Gonzalo Sanz 1988) . The anterior thalamic radiations are also part of a network involving the hippocampus and dedicated to episodic memory (Aggleton et al. 2010; Catani et al. 2013) . Hence, the decreased age-related microstructural integrity of the anterior thalamic radiation might be related to the normal aging of episodic memory function (Brickman and Stern 2009; Charlton et al. 2010) .
We also explored age-related correlations for new pathways not defined in other atlases. For the first time to our knowledge, we reported an age-related microstructural decreased integrity of two interlobar tracts in the right hemisphere (SLF I and III) and three intralobar tracts in the left hemisphere (the frontal inferior longitudinal fasciculus, the frontal orbito-polar tract and the fronto-insular tract 5). The contrast between the two hemispheres suggest that white matter differences related to age are not similar for the left and the right hemispheres and may be supported by different mechanisms.
Education level did not correlate significantly with tractspecific measurements, even when controlling for the effect of age. This finding suggests that education does not change or strengthen the white matter microstructure of the frontal lobe. Compensation mechanisms to counteract neural decline may therefore be supported by other mechanisms, such as the recruitment of supplementary ''compensatory'' brain networks (Stern et al. 2005 (Stern et al. , 2008 Cabeza et al. 2002; Cabeza and Dennis 2012) . Comparing the effect of education or measures of general intelligence using task-specific functional connectivity in young adults and the elderly may provide further support to this hypothesis.
FA and HMOA tract-specific measurements Spherical deconvolution tractography produced larger bundles, including voxels where fibers crossed, which indubitably decreased FA and may have biased FA measures. New tract-specific measurements, such as HMOA, are less susceptible to crossing fiber effects. Correlations between age and tract-specific HMOA, but not with FA, suggest that HMOA produces a better estimate of white matter bundle microstructure when crossing with other fiber populations . Therefore, when undertaking tract-specific measurements using advanced fiber-crossing algorithms, it is preferable to use real tract-specific measures, such as HMOA, rather than voxel-specific measures, such as FA.
Limitations
We employed a structure-specific approach to quantify age-related changes occurring within frontal tracts instead of a whole brain voxel-based approach. This approach may have missed differences that may occur at the voxel level. However, a structure-specific approach does not suffer normalization approximations and is therefore more sensitive than analysis performed over the whole brain (Catani 2006) . New hybrid approaches, such as the one reported in Yushkevich et al. (2008) using true tract-specific indices to characterize white matter diffusion when crossing might bring the best of structure-specific and voxel-based approaches.
We noted that volume measurements have a larger standard deviation than FA or HMOA measurements. This is important as a larger standard deviation reduces the statistical power and decreases the chances of reporting a significant result. The accuracy of tract volume measurements depends on the quality of the dissection, which relies on the reliability of the operator and the quality of the dataset. We employed a semi-automatic approach for the dissection to reduce variability, and subsequently all tracts were visually inspected to reduce false positives. However, false negatives may still have been the source for this increase in volume variability Kristo et al. 2013a) .
We also report preliminary results on the distribution of the corpus callosum, corticospinal tract, striatum, pons and thalamus connections to the cortical surface. Axonal tracing studies suggest that a comparable distribution of projection for the corpus callosum (Myers 1965) , the striatum (Haber et al. 2000) , the thalamus (Barbas and Mesulam 1981) and the pons (Schmahmann and Pandya 1995) also exists in monkeys. Indeed, the frontal corpus callosum decreases its probability of projection for the frontal eye field, the orbito frontal gyrus and the frontal operculum in monkey axonal tracing (Myers 1965) as well as in the map we presented. Similarly, the striatal projection seems to be reduced for the Brodmann areas 9 and 46 (Haber et al. 2000) and lighter projections from the pons were received from the medial and ventrolateral cortices (Schmahmann and Pandya 1995) . However, quantitative maps of the fiber density arising from or terminating in the simian cortex are missing in literature and prevent us from drawing firm comparative anatomy conclusions. Furthermore, in most of our participants the corticospinal tract did not connect to the whole motor homunculus. Hence, although spherical deconvolution may put forward an encouraging improvement in the quality of dissections as compared to standard tensor tractography, it is not exempt from limitations. It should be used with caution, especially when reconstructing projection pathways or in clinical applications where edema, tumors, lesions and infarcts are present. In these cases, multiple compartments and partial volume effects will limit and confound spherical deconvolution (Roine et al. 2014) .
Finally, our cross-sectional report suggests an heterogeneously distributed age-related microstructural change within the frontal lobe that ideally will require replication in a longitudinal study.
Conclusions
This atlas of the frontal lobe connections may help identify tracts connecting functional activations, thus contributing to a better understanding of frontal functions and processes. It may also help clinicians to diagnose the disconnection or abnormality of specific tracts on patients' MRIs following a wide range of pathologies, including but not limited to stroke, degenerative diseases, traumatic brain injury, multiple sclerosis, tumors, vascular malformations, leukoencephalopathies and infectious diseases. In relation to clinical disorders, our maps could increase understanding of cognitive deficits, as well as mechanisms of brain recovery and plasticity. However, special caution should be taken when overlapping the atlas maps with the structural data of patients due, for example, to tissue displacement and an altered anatomy (Brett et al. 2001; Clark et al. 2003) . Finally, tract-specific correlations with aging produce interesting hypotheses on possible early cognitive decline dissociations that may be tested in elderly patients.
